Mechanisms that improve prey richness in carnivorous plants may involve three crucial phases of trapping: attraction, capture and retention. Nepenthes raffl esiana var. typica is an insectivorous pitcher plant that is widespread in northern Borneo. It exhibits ontogenetic pitcher dimorphism with the upper pitchers trapping more fl ying prey than the lower pitchers. While this difference in prey composition has been ascribed to differences in attraction, the contribution of capture and retention has been overlooked. This study focused on distinguishing between the prey trapping mechanisms, and assessing their relative contribution to prey diversity. Arthropod richness and diversity of both visitors and prey in the two types of pitchers were analysed to quantify the relative contribution of attraction to prey trapping. Rate of insect visits to the different pitcher parts and the presence or absence of a sweet fragrance was recorded to clarify the origin and mechanism of attraction. The mechanism of retention was studied by insect bioassays and measurements of fl uid viscosity. Nepenthes raffl esiana was found to trap a broader prey spectrum than that previously described for any Nepenthes species, with the upper pitchers attracting and trapping a greater quantity and diversity of prey items than the lower pitchers. Capture effi ciency was low compared with attraction or retention effi ciency. Fragrance of the peristome, or nectar rim, accounted mainly for the observed non-specifi c, better prey attraction by the upper pitchers, while the retentive properties of the viscous fl uid in these upper pitchers arguably explains the species richness of their fl ying prey. The pitchers of N. raffl esiana are therefore more than simple pitfall traps and the digestive fl uid plays an important yet unsuspected role in the ecological success of the species.
Introduction
Nepenthes pitcher plants, like all carnivorous plants, grow in nutrient-poor soils (Juniper et al 1989; Clarke 1997; Ellison et al 2003) and rely mostly on nitrogen derived from the insects that they attract, capture and digest in their pitchershaped leaves (Schultze et al 1997; Moran et al 2001) . Most of them are vines characterized by an ontogenetic pitcher dimorphism with young rosette or self-supporting plants exhibiting terrestrial pitchers of the "lower" type and older climbing plants exhibiting aerial pitchers of the "upper" type (Cheek and Jebb 2001; Di Giusto et al 2008) . Until recently, most studies aimed at elucidating the trapping mechanism of Nepenthes pitcher plants focused on the capture and retentive function of slippery surfaces with a special emphasis on the waxy layer that covers the upper inner part of the pitcher in most Nepenthes species (Juniper and Burras 1962; Juniper et al 1989; Gaume et al 2002 Gaume et al , 2004 Gorb et al 2005) . A study also reported that the trapping surface was the peristome or nectar rim of the pitcher in N. bicalcarata (Bohn and Federle 2004) . Nevertheless, some Nepenthes species are polymorphic with regard to the presence of a waxy Contribution of pitcher fragrance and fl uid viscosity to high prey diversity in a Nepenthes carnivorous plant from Borneo layer (Lloyd 1942; Di Giusto et al 2008) , while others are monomorphic for the absence of this layer. The presence and size of the peristome is also variable among species (Cheek and Jebb 2001) . For example, the pitchers of N. inermis and the upper pitchers of N. lowii and N. campanulata lack both a waxy layer and a peristome (Cheek and Jebb 2001) . Moreover, the ontogenetic pitcher dimorphism observed in some species may be accompanied by changes in the plant's trapping strategy. The trapping mechanisms of Nepenthes pitcher plants are, therefore, probably more complex and diverse than previously reported. The contribution of the digestive liquid to insect retention has never been explored, although some of its physicochemical properties could be involved in trapping. Indeed, Lloyd (1942) and Juniper and co-authors (1989) mentioned the possible presence of a wetting agent in the fl uid of Nepenthes and of its American homologue Sarracenia, which could cause insects to sink and be more easily drawn into the pitcher. Furthermore, some species are reported to have a viscous digestive fl uid (Cheek and Jebb 2001) . Nepenthes inermis, for example, has a highly viscous fl uid that could favour the retention of dead prey during heavy rain (Salmon 1993) . In Nepenthes raffl esiana var. typica Beck, the upper pitchers do not bear a waxy layer, which characterizes only the lower pitchers of plants during their early development (Di Giusto et al 2008) . Moreover, the waxy layer is not very effective in retaining insects in this species and is probably of little adaptive signifi cance considering that no difference in prey capture has been found between waxy traps and non-waxy ones (Di Giusto et al 2008) . By contrast, visco-elastic fi laments are generated in this species when the pitcher fl uid is rubbed between the fi ngers, suggesting that the fl uid could play a role in the capture and retention of insects (personal observation). Nepenthes raffl esiana may thus have evolved mechanisms of retention other than slippery surfaces and could be an appropriate model to obtain a fi rst glimpse of the diversity of trapping mechanisms that may have evolved within the genus.
Prey trapping cannot occur if the plant lacks an effi cient attraction system. Until now, quantitative data on insect attraction in pitcher plants have been extremely sparse, although several hypotheses have attempted to explain how pitchers, which resemble fl owers in many aspects, attract prey (Joel 1988; Juniper et al 1989) . Over short distances, the numerous extra-fl oral nectaries in these species provide rewarding nectar guides which lead insects to the pitcher mouth, as in Sarracenia carnivorous pitcher plants (Joel 1988; Juniper et al 1989) . Over longer distances, spectral refl ectance characteristics of the pitcher are implicated in insect attraction in some Nepenthes species (Joel et al 1985; Glossner 1992; Moran 1996; Moran et al 1999) , while some American carnivorous plants produce a scent (Joel 1988; Jaffe et al 1995) . A sweet scent has been reported to be a chemical cue for attraction in N. raffl esiana var. typica in addition to a visual cue linked to the spectral characteristics of the pitcher (Moran 1996) . Moran reported that this scent emanates from the pitcher fl uid itself. To test the hypothetical attractant power of the fl uid, Moran (1996) transposed the "fragrant" fl uid of Nepenthes raffl esiana var. typica to emptied pitchers of Nepenthes raffl esiana var. elongata Hort., whose fl uid was judged to lack fragrance. Such modifi ed pitchers were compared for prey quantity with control pitchers of Nepenthes raffl esiana var. elongata fi lled with water. However, this experimental set-up permits only a comparison of the trapping effi ciency of the pitcher fl uid of Nepenthes raffl esiana var. typica with that of water but does not permit distinction between the attractive and retentive properties of the fl uid as a mechanistic explanation. Moreover, this study did not test the possible implication in scent emission of structures of the pitcher itself, such as the peristome or the lid (Phillipps and Lamb 1996) . The olfactory cues provided by N. raffl esiana thus remain incompletely described. The objective of our study was to clarify the mechanisms involved in trapping in the two pitcher types (upper and lower) of Nepenthes raffl esiana. In particular, we wished to provide clarifi cation on both the attraction and retention mechanisms, and to quantify how these may contribute to the plant trapping system. The number of pitcher visitors (arthropods that visited the pitchers mostly in search of extrafl oral nectar) as well as the number of prey items (dead arthropods that were trapped in the pitchers) were analysed for the two pitcher types in populations of this species in Brunei (Borneo). Field experiments were carried out to quantify insect visits and captures by pitchers to elucidate the origin of the scent and to assess the importance of fragrance in insect attraction. Insect bioassays on ants and fl ies, and measurement of the relative viscosity of the fl uid in the two pitcher types were conducted to test whether the physical properties of the fl uid were involved in insect retention.
Methods

The carnivorous plant
The study was carried out at a site located in a degraded kerangas or heath forest in Brunei Darussalam (4°38 N, 114°30 E) in July 2003, during the dry season, at the end of a fl owering period of N. raffl esiana. Typical vegetation included shrubs from the genera Melastomata and Syzygium, and Gleichenia ferns. Nepenthes raffl esiana var. typica is a lowland Nepenthes species, common in such open, wet and often sandy habitats in northern Borneo, northern Sumatra and peninsular Malaysia (Clarke 1997) . It is characterized, like most Nepenthes species, by an ontogenetic pitcher dimorphism, with the upper pitchers lacking "wings" and being funnel-shaped and more slender at the base than the lower ones found at ground level (fi gure 1a, b). The lifespan of a pitcher of N. raffl esiana is approximately two months for the upper pitchers and two and a half months for the lower ones. The plant is also characterized by numerous extrafl oral nectaries that provide extrafl oral nectar (EFN) (Adam 1997; Merbach et al 2001) . The plant captures a broad range of prey with ants being the most commonly trapped (Adam 1997; Moran 1996; Moran et al 1999) . The upper pitchers generally trap more fl ying prey than the lower ones (Moran 1996; Adam 1997) . Three other species of Nepenthes were found at the study site: N. gracilis, N. mirabilis var. echinostoma and N. ampullaria.
Analysis of prey composition
We collected, in 75% ethanol, the contents of 17 lower pitchers and 17 upper pitchers from 34 randomly selected N. raffl esiana plants. The pitchers were approximately one month old. Using a binocular microscope, we sorted, counted and identifi ed the prey to at least genus level for ants, and to family level for other arthropods. Sometimes, the cuticular remains of the arthropods did not permit complete identifi cation (especially in the case of Lepidoptera whose soft wings were always completely digested). These prey items were classifi ed in an "undetermined" group in each order category. Eleven groups were defi ned: ants, Hymenoptera other than ants, Coleoptera, Diptera, Lepidoptera, Dictyoptera, Orthoptera, Isoptera, Thysanoptera, Araneae and "others", in which were grouped less abundant orders such as Pseudoscorpiones, Neuroptera and Hemiptera. A discriminant analysis was performed on this dataset corresponding to the 34 pitchers to identify the types of prey that differentiate between the two types of pitchers.
Attraction experiments
We gathered empirical data on attraction by observing 17 plants (22 lower and 20 upper pitchers) for 10 minutes, and counting the number of arthropod visitors and their species. We also noted the presence or absence of a sweet scent emanating from the pitchers. Using mixed Poisson regression models, we analysed the effect of the plant (random factor) and the effects of two fi xed factors -kind of pitcher (lower vs upper) and presence of odour -on the number of insects or species visiting each pitcher. This experiment was also used to analyse the composition of arthropod visitors classifi ed into fl ying and non-fl ying prey. A logistic regression was performed to test for a difference in the fraction of fl ying visitors between the upper and lower pitchers. A similar analysis was performed to test for a difference in the fraction of fl ying prey between the two pitcher types.
We then carried out an experiment to elucidate the mechanisms of attraction as well as to determine the parts of the pitcher involved in insect attraction. We selected 11 plants bearing the two kinds of pitchers (lower and upper). The lower pitchers of plants that already bore upper pitchers often came from sprouts of the same plants. For each plant, we selected one lower and one upper pitcher. Each pitcher was held vertically while it was cut at its base to collect fl uid. Once empty, the pitchers were then cut longitudinally (fi gure 1c). We positioned one section of each of the lower and upper pitchers on their dorsal face (with the inner pitcher surface facing upwards), on a sheet of paper at ground level. The two sections were placed 20 cm away. We put some pitcher fl uids from the respective pitcher types in the plastic lids of camera fi lm containers, and positioned each of these cups 10 cm beneath the relevant section on the sheet of paper. Such cups were thin enough to permit crawling insects to come in contact with the liquid. In each trial, insects were thus permitted to choose between each type of pitcher, and between each part of the pitcher (fl uid, external surface, peristome, lower face of the lid, upper face of the lid, conductive zone and digestive zone as defi ned in fi gure 1c). This experimental design was duplicated by positioning the second half-pitcher pairs similarly on a second sheet of paper. Two observers (one per sheet) simultaneously recorded, for 10 min, the number of insects and species visiting each pitcher part of the two types of pitcher sections originating from the same plant. For statistical analyses, the insect counts corresponding to the paired trials were pooled for each plant. Mixed Poisson regression models were used to compare the attractiveness of plants (random factor), as well as type of pitcher and part of pitcher (fi xed factors). For each pitcher, we carefully smelled both the sectioned pitcher at the level of the peristome and the pitcher fl uid placed in the associated cup, and noted the presence (even if not marked) or absence of a sweet scent. Using a mixed logistic regression, we also compared the frequency of presence of a sweet scent between pitchers of the lower and upper forms as well as between the peristome and the fl uid.
Retention experiments
In May 2006, at the Universiti Brunei Darussalam, two sets of laboratory experiments to compare the retentive ability of the digestive fl uid between the two pitcher types were conducted on ants and fl ies (Oecophylla smaragdina and Drosophila melanogaster, respectively). In the fi rst experiment, 60 plants were selected (30 with lower pitchers and 30 with upper ones). One pitcher was randomly collected from each plant and transferred to the laboratory with the pitcher contents retained in situ. To test the retentive function of the digestive part only, the conductive zone and the peristome were removed from the pitcher. The Oecophylla ants used for the experiment were captured in the fi eld and the Drosophila fl ies were reared in the laboratory on a nutritive substrate. One fl y was drawn into a soft tube and blown onto the digestive pitcher liquid without fi nger manipulation. Fly behaviour, including whether the fl y escaped or was trapped, was observed for 5 min. A second trial was then conducted on the same pitcher. For each of the 60 pitchers (plants), the frequency of escapes could be either 0/2 or 1/2 or 2/2. Using a logistic regression model, we tested the effect of pitcher type (lower or upper) on the escape frequency of the fl ies. The experiment and analysis were repeated with the ants on the same set of pitchers.
A second experiment was designed to obtain a relative measurement of the degree of viscosity of the pitcher fl uid as compared with that of water. We used microcapillary tubes of 100 μl (12.7 cm long) placed vertically in contact with the pitcher fl uids inside 2 ml vials. The fl uid was collected by making a hole in the basal fi rst third of the pitcher, small enough to prevent the infl ow of undigested parts of insects. Using a chronometer, we measured the time needed for the liquid to ascend the microcapillary tube and reach a bar level at 3.8 cm from the base (this arbitrary bar was a standardized mark on the tubes). The fl uid for 10 pairs of pitchers (10 lower and 10 upper pitchers less than one month old) belonging to 10 plants was tested. For each pair of pitchers, the ascent time of fl uid and water was measured at the foot of the mother plant. The external temperature was also recorded at this point because viscosity varies with the temperature. Each measurement was repeated ten times (total of 300 measurements). An ANCOVA was performed to determine how this ascent time (log-transformed data to fi t a normal distribution) varied with the temperature between water and the fl uid from the lower and upper pitchers. The rate of fl uid ascent depends on its density, its viscosity and its surface properties (Massey 2006) . At a given density, the slower the ascent, the more viscous and/or the less wet the fl uid. The rate of fl uid ascent was found to be lower than that of water. As pitcher fl uid and water have comparable densities and wetting abilities (unpublished data), the lower ascent rate of the fl uid compared with water was most likely due to its higher viscosity. Our method of measurement (the time for fl uid ascent in a standard capillary) is conservative and provides a reliable index of relative viscosity.
Statistical analyses
Data were analysed using the software package SAS v. 8. Three procedures were used for the discriminant analysis.
STEPDISC was used to identify which of the original variables (number of prey belonging to distinct arthropod orders) provided the greatest discrimination between the upper and lower pitchers. CANDISC was used to generate a canonical variable: a linear combination of the original variables providing maximal discrimination between the upper and lower pitchers. DISCRIM was used to assess how well a discriminant criterion based on the value of the canonical variable for the focal pitcher ascribed pitchers to their type (upper or lower). Mixed Poisson and logistic regressions were carried out using the macro GLIMMIX, with a Poisson and a binomial error distribution, respectively. Logistic regressions with fi xed effects only were carried out using procedure GENMOD. Correction for overdispersion was applied when necessary using the square root of the ratio of Pearson's χ² to the associated number of degrees of freedom. For model selection, backward procedures were adopted, starting with removal of the non-signifi cant highest-order interactions.
Results
Analysis of the diversity of prey and arthropod visitors
The analysis of prey in 17 lower and 17 upper pitchers showed a high diversity of families in this Nepenthes species, consisting of 63 families of arthropods (Appendix 1).
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J. Biosci. 33(1), March 2008 N, number of pitchers; Sum, sum of arthropods within each order. F and P refer to the classical ANOVA statistics. In the fi rst step of the step-wise discriminant analysis (Stepdisc), the effect of type of pitcher on each candidate variable is tested. The variable whose variation is best explained by type of pitcher (number of prey items belonging to the Coleoptera order) is selected. In the second step, the effect of type of pitcher is tested on the residuals of the regression between each variable and the variable selected at the fi rst step (Coleoptera). r is the coeffi cient of correlation between each of the variables and the fi rst canonical variable. Flying prey orders are shaded in grey; note that they are the only orders for which the type of pitcher is signifi cantly discriminating.
Upper pitchers not only captured more arthropods than lower pitchers (up to three times more) but they also had a larger prey spectrum. Ten orders comprising only 17 families of arthropods, mostly insects, could be identifi ed from the lower pitchers, while 11 orders and up to 59 families were identifi ed from the upper pitchers. All orders belonging to the fl ying insect category were discriminated between the upper and lower pitchers when tested using single-factor ANOVA models (Step 1, table 1). The variable "Coleoptera" was suffi cient to discriminate between the two types of pitchers since no other candidate variable signifi cantly improved the discrimination between the upper and lower pitchers when the effect of "Coleoptera" was accounted for (Step 2, table 1). The canonical variable was positively correlated with the number of prey items belonging to generalist pollinator orders (Coleoptera, Lepidoptera, Diptera, Hymenoptera other than ants, and Thysanoptera; table 1). Insects belonging to these orders were almost exclusively trapped by the upper pitchers, while those of the other orders were trapped indiscriminately by the two pitcher types. But overall, the canonical variable showed no substantial prey segregation by type of pitcher (F 11,22 = 1.24, P = 0.32) partly because, as a consequence of the large number of original variables, this canonical variable was very costly in terms of degrees of freedom. A new analysis was thus performed using only the variables corresponding to the fi ve generalist pollinator orders, which were among the most discriminatory orders. Marginally signifi cant segregation according to pitcher type was detected with this canonical variable (F 5,28 = 2.44, P = 0.059). The discriminatory criterion based on the canonical variable built with all prey orders classifi ed all the lower pitchers well except one, but wrongly classifi ed 6 out of the 17 upper pitchers (fi gure 2). The performance of the discriminant criterion, based on the generalist pollinator orders only, was similar. These results arose because the absence of generalist pollinators was a feature shared by all lower pitchers while not all upper pitchers contained generalist pollinators. In terms of individual richness and at the order level, Hymenoptera, especially the Formicidae species, represented 50.3% of the prey of upper pitchers, while Coleoptera, especially the Chrysomelidae species, represented 25.4% of the prey and Diptera, 13.3%. In terms of family richness, Diptera was the most important group. In terms of individual richness, ants constituted the most important prey of the lower (89.3% of prey) and upper pitchers (40.8%). Twenty-three species of ants could be identifi ed, with the more common being Camponotus sp.1, Crematogaster sp. 1, Camponotus gigas, Crematogaster sp. 2, Anoplolepis gracilipes, Crematogaster sp. 3, and Pheidole sp. 1. Camponotus sp. 1 and Crematogaster spp. were common to both types of pitcher while the other three ant species were essentially prey items of the lower pitchers only (Appendix 2).
The visitors recorded during 10 min observation sessions were essentially nectar-feeding insects such as ants (66.7% of individuals), Diptera (28.6%, half of which were mosquitoes) and Lepidoptera (1.2% but 4.8% on the upper pitchers), but also predatory arthropods such as spiders (3.0%) or sap-sucking insects (0.6%). In the total observation time of 420 min, 168 visitors were observed, and although some were observed in a perilous position, only one (Crematogaster ant) fell inside an upper pitcher.
Higher attractive power of upper pitchers and the role of fragrance in insect attraction
Upper pitchers attracted in natura a greater number of visitors (5.3 ± 2.6 in 10 min observation session) than lower pitchers (2.9 ± 2.9) and little, if any, variation was detected among plants in insect attraction (table 2a, fi gure 3a). This higher attractiveness of the upper pitchers could be explained by the sweet odour they produce, since 100% of the upper pitchers were fragrant (n = 20) while only 22.7% (n = 22) of the lower pitchers were fragrant. When present, however, the odour of the lower pitchers was far weaker (as detected by human olfactory perception) than that of the upper pitchers. Fragrance was particularly strong at the level of the peristome. In order to determine if the odour was involved in attraction, we added odour as a factor (presence vs absence) to the model. This factor was highly signifi cant while the type of pitcher was no longer signifi cant when the effect of odour was accounted for. The model that best explained the variation in insect visits was the one taking into account only the random plant effect and the fi xed odour effect (with the lowest Akaike information criterion [AIC], table 2a) . Therefore, most of the differences observed in insect visits between the two types of pitchers were due to a difference in their scent.
Upper pitchers also attracted a greater number of species (2.5 ± 1) than lower pitchers (1.4 ± 0.9) and their odour accounted for most of the differences observed (same statistical approach, table 2b, fi gure 3a).
Attraction of different parts of the pitchers: the olfactory cue of the peristome
When pitchers were longitudinally cut and placed at ground level, the upper pitchers still attracted more arthropods than the lower ones (mixed Poisson regression model, effect of the fi xed factor: type of pitcher, F 1,134 = 28.75, P <0.0001, fi gure 3b). This greater number of insect visits to the upper pitchers could be mostly attributed to the greater attractiveness of their peristome (effect of the fi xed factor: plant part F 6,134 = 10.25, P <0.0001, fi gure 3b, illustrated in fi gure 1c). The attractiveness of the different parts was not signifi cantly different among pitcher types (interaction pitcher*part: F 6,128 = 1.69, P = 0.13). Plants in this analysis differed slightly in their attractiveness (effect of the random plant factor: variance = 0.14, residual = 0.88).
The presence or absence of odour appeared to be obviously correlated with the extent of insect attraction. Indeed, a greater proportion of upper pitchers produced a sweet scent and the peristome appeared to be more often odoriferous than the pitcher fl uid of both the lower and the upper pitchers, while individual plants differed signifi cantly in their odour (mixed logistic regression on the presenceabsence of odour from the data subset corresponding to the peristome and liquid parts, table 3).
Untargeted attraction but targeted retention of upper pitchers towards fl ying insects
Interestingly, the fraction of fl ying insects in the visitor spectrum was comparable for lower and upper pitchers (logistic regression, likelihood ratio test corrected for overdispersion: F 1,35 = 0.07, P = 0.80, fi gure 4), being signifi cantly less than 0.5 for both the lower (Wald test: χ² = 4.8, P = 0.03) and the upper pitchers (Wald test: χ² = 6.1, P = 0.01). By contrast, the fraction of fl ying insects in the prey spectrum was far higher for the upper than the lower pitchers (logistic regression: F 1,32 = 45.11, P <0.0001, fi gure 4), being signifi cantly less than 0.5 in the lower pitchers (Wald test: χ² = 4.8, P = 0.03), while marginally signifi cantly greater than 0.5 in the upper pitchers (Wald test: χ² = 3.4, P = 0.06). These comparisons suggest that the upper pitchers are either more effi cient than the lower pitchers in retaining fl ying insects or less effi cient than the lower pitchers in retaining non-fl ying arthropods (ants for the major part). The latter hypothesis was not supported since the cumulative number of non-fl ying arthropods in the two pitcher types was quasiproportional in the visitor and prey spectra (visitors: 45 in the lower pitchers, 72 in the upper pitchers; prey items: 396 in the lower pitchers, 572 in the upper pitchers; χ 2 = 0.26, P = 0.61), while this was not at all the case for fl ying insects (visitors: 18 in the lower pitchers, 33 in the upper pitchers; prey items: 18 in the lower pitchers, 782 in the upper pitchers; χ 2 = 129.2, P <0.0001). For non-fl ying arthropods, the difference in capture between the lower and upper pitchers should be ascribed to differences in their attraction pattern, while for fl ying insects, it should be more particularly ascribed to the higher retentive capacity of the upper pitchers. 
Insect retention and analysis of fl uid viscosity
Retention of the experimental insects within the digestive part of the pitcher was universally high for both ants and fl ies, and for the two pitcher types. While all the 120 Oecophylla smaragdina ants were retained inside the pitcher fl uid, 22 out of the 120 Drosophila melanogaster fl ies escaped, all from the fl uid of the lower pitchers (fi gure 5). Therefore, there was a signifi cant effect of pitcher type (lower/upper) on the retention rate of fl ies (Logistic regression: χ² = 35.48, P <0.0001). All the insects that did not escape from the liquid during the 5 min observation period died within 20 min. These insects became embedded in the fl uid and most of them were unable to remove their legs from the fl uid. The ants were rapidly drawn into the liquid where they sank. The fl ies were not capable of fl ight but could still slowly move their wings, though with greater diffi culty in the upper than the lower pitchers. They thereby maintained themselves at the surface of the digestive liquid for longer periods. Those that succeeded in escaping from the fl uid in the lower pitchers swam to the digestive wall and slowly hauled themselves out of the fl uid. They cleaned themselves and let their wings dry for several minutes before taking off.
In the experiment aimed at assessing the relative viscosity of the pitcher fl uid, the ANCOVA performed on the log-transformed time measures of the fl uid ascent explained 72% of the variance. The residuals were normally distributed (Shapiro statistic, W = 0.98, P = 0.12). Type of fl uid greatly affected the duration of fl uid ascent, the ascent being slowest for the upper pitcher fl uid, medium for the lower pitcher fl uid, and quickest for water (effect of type of fl uid: F 2,290 = 8.70, P = 0.0002, fi gure 6). Temperature affected ascent time differently according to the type of fl uid (interaction effect: temperature*type of fl uid: F 2,290 = 21.43, P = 0.0001, effect of temperature: F 1,290 = 2.14, P = 0.14). While duration of fl uid ascent decreased with temperature for water, it increased with temperature with approximately the same slope for the two pitcher fl uids (fi gure 6).
Discussion
Carnivory requires well-developed mechanisms of insect attraction, capture, retention and digestion (Lloyd 1942; Juniper et al 1989) . The carnivorous pitcher plant, Nepenthes raffl esiana var. typica, is shown to have a low temporal rate of insect capture despite having high powers of attraction and retention. The plant is also characterized by a high prey diversity, which is especially true for the upper pitchers. The higher quantity and diversity of prey in the upper pitchers can be explained by the emission of an attractive fragrance from their peristome and by the better retentive properties of their pitcher fl uid.
Low rate of insect capture compared to insect visits
According to our systematic daytime observations, the plant seems to nourish more insects than it feeds on (only 1 capture in 168 insect visits to EFN). Our quantitative results confi rm the observations made for other Nepenthes species (Joel 1988; Moran 1996; Merbach et al 2001) and for other pitcher plants (e.g. Newell and Nastase 1998). The relationship between the carnivorous plant and its guild of EFN consumers is complex. In tropical rainforests, plant exudates constitute the main diet of arboricolous ants (Davidson et al 2003, Blüthgen and Fiedler 2004) and can mediate loose ant-plant mutualisms (e.g. Di Giusto et al 2001; Gaume et al 2005) or tighter ones where ants actively protect their host plant against herbivores (e.g. McKey et al 2005) . The relationships between the EFN-visiting ants and the carnivorous plant are thus not necessarily antagonistic. The ants could also be involved in a nutritional mutualism (Joel 1988) . The plant provides lower cost carbohydrate-rich EFN to the ants and is supplied from time to time with the highly benefi cial nitrogen (limiting in habitats of carnivorous plants) derived from trapped ants. Besides ants, the plant also feeds on another potentially useful group of EFN visitors, i.e. mosquitoes, which lay their eggs inside the pitchers and whose emerging larvae accelerate prey breakdown and nitrogen release (Beaver 1983) . Many larvae of different species of mosquitoes and midges were found in the pitcher fl uids but this inquiline community was not relevant to the study. Another explanation for the observed low rate of insect capture compared with insect visits is that we could have missed periods of more effi cient prey capture. For example, several insects, such as Camponotus gigas ants, Dictyoptera, Isoptera, some Orthoptera or moths, observed in our prey sample are known to be nocturnally active on plants and might be captured more frequently at night. Moreover, the discovery of the wettability properties of the peristome in N. bicalcarata suggests that pitchers could be more effi cient as "aquaplaning" traps during rain or periods of high nectar production (Bohn and Federle 2004) . Some fl owervisiting insects might also be trapped en masse during plant fl owering. This would explain the presence of numerous Chrysomelidae in our prey samples and their absence as pitcher visitors.
High prey diversity and the functional roles of pitcher types in prey segregation
The analysis of prey richness shows that N. raffl esiana var. typica traps a large prey spectrum including at least 63 families of arthropods and at least 23 species of Formicidae. The prey diversity was found to be higher than previously described (34 families in the dataset of Moran shown by Clarke 2001) and this was particularly true for insects belonging to the fl ying category. Confi rming the results of Moran (1996) , the upper pitchers were found to trap more fl ying insects than the lower pitchers, although this difference was more pronounced in the present study. In contrast to Moran (1996) but similar to Adam (1997) , we show that the upper pitchers trap more arthropods than the lower pitchers in total (including fl ying and non-fl ying insects). An initial hypothesis could be that seasonal or site effects accounted for the observed differences. Alternatively, Moran (1996) might have underestimated the number of arthropods trapped in his experimental set-up, especially those belonging to the fl ying category or those trapped in the upper pitchers. Indeed, he analysed the prey contents of pitchers previously emptied and fi lled with water, assuming thereby that the retentive capacities of the pitcher fl uids were similar to that of water. But the digestive fl uid is more viscous than water and such a physical property should make it behave very differently from water with regard to insect trapping. Moreover, the fl uid of the upper pitchers is more viscous than the fl uid of the lower ones and, according to our preliminary experimental data, more effi cient in trapping fl ies. The prey segregation according to pitcher type partly explains the large diet diversity of Nepenthes raffl esiana var. typica. As stressed by the comparison of prey and visitor spectra between the two pitcher types, the specialization of the upper pitchers in trapping fl ying insects appears to be more the consequence of a targeted retention than a targeted attraction (as suggested by Moran [1996] ). The ontogenetic pitcher dimorphism is accompanied by a dual strategy in this climbing plant, which permits the successive capture of prey belonging to both terrestrial and arboreal strata. Lower pitchers are specialized in capturing ants, the most important group of terrestrial arthropods, whose species abundance in the leaf litter in northern Borneo is comparable to that found in upper vegetation layers (Brühl et al 1998) . The upper pitchers are different from the lower ones in being able to trap insects belonging to the fl ying category, which are more diverse and abundant in the upper vegetative layers (Stork 2003) . This dual strategy permits this carnivorous plant to enlarge its ecological niche and should contribute to its great ecological success, as assessed by a rather dense distribution in the habitats where it occurs (Clarke 2001 ) and a high ability for colonization (personal observation). As a matter of fact, Nepenthes raffl esiana, which obtains most of its nitrogen from insects (Moran et al 2001) , is one of the species from northern Borneo whose leaves are the richest in N, P and K (Osunkoya et al 2007) .
High attractive power of upper pitchers and the role of sweet scent in insect attractio\n
The overall greater attractive power of the upper pitchers is not the sole result of a greater abundance of arthropods in the upper vegetation layers since, even at ground level, upper pitchers were found to attract more arthropods than lower ones. This success mostly arises from their stronger fragrance. We are aware that the human sense of smell cannot necessarily refl ect the olfactory perception of insects and that each category of insect having its own olfactory ability should recognize more or less specifi c cues. Nevertheless, pollinating insects, at least, are known to be mostly attracted by fl oral or sweet fragrances and the presence/absence of such a type of fragrance in Nepenthes raffl esiana revealed itself to be the factor most affecting insect visits to pitchers. Such a strong correlation supports the hypothesis of Moran (1996) and confi rms that olfactory cues play a signifi cant role in the attraction system of N. raffl esiana, as seems to be the case for other carnivorous pitcher plants including the American Sarraceniaceae (Miles et al 1975; Joel 1988; Jaffe et al 1995) . The upper pitchers were also shown to attract a greater diversity of arthropods than the lower ones and, among them, several potential generalist pollinators. We expect that the carnivorous plant, which is able to mimic fl owers in a number of morphological ways (Joel 1988) , is also capable of mimicking fl owers chemically. Moran (1996) and Moran et al (1999) have also demonstrated the role of spectral refl ectance characteristics of the pitcher in insect attraction. In Nepenthes raffl esiana, the peristome is UV-absorptive while the outer pitcher body is UV-refl ective, producing a contrasting pattern which could be interpreted as a visual stimulus for insects such as hymenopterans and dipterans. In our experimental design, only the inner faces of pitcher bodies were exposed to insects. According to the photographs of Moran (1996) , the inner face of the upper pitchers is not UV-refl ective, and for the lower pitchers, even if the possible presence of wax makes it refl ective, its contrasting pattern with the peristome would not explain why paradoxically insect visits were far less frequent for the lower pitchers than for the upper ones. Hence, the most plausible explanation in our case was that the sweet scent emitted by the upper pitchers in particular was mainly responsible for insect attraction. Finally, our statistical analysis not only confi rms the hypothesis of Moran that olfactory cues accounted for the attraction of the fl ying insects, but further shows that sweet scent plays an important role in the general attraction system of the pitcher plant and substantially targets not only fl ying insects but also ants. Moran suggested that the liquid was the odour source. We show that the peristome of the upper pitchers is not only the most attractive but also the most fragrant part of the plant. This raises the question as to whether the extrafl oral nectar, which is secreted by nectaries situated between the teeth on the rim, is involved in the emission of volatile compounds. The peristome is easily wetted by such nectar secretions which spread out all along its surface. This would not only facilitate insect aquaplaning (Bohn and Federle 2004) but would also enable a more effi cient emission of attractive volatile compounds.
Viscosity of pitcher fl uid as a mechanism of insect retention
Our measures of relative viscosity based on fl uid ascent in a capillary showed that the digestive fl uid of the pitcher plant is more viscous than water. We found that the ascent time of water decreased with increasing temperature. The viscosity of water, the fl uid of reference, is indeed expected to decrease with temperature (Massey 2006) . However, why does the viscosity of the pitcher fl uid increase with temperature? The composition of the fl uid as well as its structure might change with temperature. For example, the digestive liquid contains several enzymes whose activity is dependent upon pH and temperature (Lüttge 1983) , and should change its properties. Some proteins may also fl occulate at elevated temperatures. More probably, evaporation of water in the fl uid, especially of the surplus water coming from rainfall (Clarke 2001) , could occur when temperature increases. This evaporation would concentrate the macromolecules responsible for fl uid viscosity. Interestingly, fl uid viscosity seems to be higher in the upper pitchers than in the lower ones. This difference could partly explain the higher abundance and diversity of prey found in the upper than in the lower pitchers. Indeed, even though details of the mechanism remain unclear, the viscosity of the pitcher fl uid seems to play a role in insect retention by impeding the locomotion of ants and limiting wing movement in fl ies. Moreover, fl ying insects were the particular prey target of the upper pitchers and the experimental Drosophila were better retained in the fl uid of the upper pitchers than in the fl uid of lower ones. We thus hypothesize that the fl uid of higher viscosity in the upper pitchers is responsible for their better retention of fl ying insects. Moreover, the fl uid of the waxless Nepenthes inermis, N. eymae, N. aristolochioides, N. dubia and N. jacquelinae has been reported to be particularly viscous and such viscous properties could serve to retain dead prey in the event of fl ooding during rain (Salmon 1993; Cheek and Jebb 2001) or even occasionally to act as fl ypaper traps (Clarke 2001) . Supporting our hypothesis, N. inermis was reported to be (under the name of N. bongso) specialized in trapping midges (Kato et al 1993) . A similar pattern was observed for N. aristolochioides while N. jacquelinae was observed to trap essentially fl ying prey of larger dimensions (Clarke 2001) . The prey composition of the two other species, N. dubia and N. eymae, is unknown. Fluid viscosity certainly does not play an exclusive role in the retention system of N. raffl esiana. The tendency of trapped insects to sink into the pitcher fl uid in the lower as well as upper pitchers could suggest increased wetting properties of the fl uid, which could also play a role in the retentive function of the pitcher. We propose that the retentive properties of the fl uid are of fundamental importance in Nepenthes species that lack key trapping attributes such as a slippery waxy layer (Juniper and Burras 1962; Gaume et al 2004) or a slippery wettable peristome (Bohn and Federle 2004) .
In conclusion, this study has clarifi ed the respective contributions of attraction and retention in the trapping effi ciency of different categories of arthropods in N. raffl esiana var. typica. Upper pitchers were shown to trap higher numbers of arthropods than lower ones, partly because they exhibited a higher overall attraction and especially because they had a more effi cient system of special retention of fl ying prey. The main mechanism of attraction was shown to be the emission of a sweet fragrance mostly from the peristome. The so far unexplored mechanism of retention has to be linked to the viscosity of the fl uid but further research is needed to clarify the physical processes involved. The pitcher dimorphism induced by plant development is thus accompanied by a dual strategy, which permits the climbing plant to extend its ecological niche and adapt to the resource input: the insect guild structure of the explored stratum. The pitchers of these carnivorous plants are therefore more than simple pitfall traps and the different Nepenthes species seem to have developed a broad spectrum of trapping devices which would be worthwhile to studying these through comparative analysis of the chemical and physical pathways in an "evo-devo" context. 
